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ABSTRACT N-doped graphene displays many interesting prop- 40
erties compared with pristine graphene, which makes it a potential
candidate in many applications. Here, we report that the Shubnikov—
de Haas (SdH) oscillation effect in graphene can be enhanced by
N-doping. We show that the amplitude of the SdH oscillation increases
with N-doping and reaches around 5k €2 under a field of 14 T at 10 K
for highly N-doped graphene, which is over 1 order of magnitude T N N TR
larger than the value found for pristine graphene devices with the
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same geometry. Moreover, in contrast to the well-established standard Lifshitz—Kosevich theory, the amplitude of the SdH oscillation decreases linearly with

increasing temperature and persists up to a temperature of 150 K. Our results also show that the magnetoresistance (MR) in N-doped graphene increases with

increasing temperature. Our results may be useful for the application of N-doped graphene in magnetic devices.
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substitutional doping

raphene is a honeycomb-structured
Gcarbon sheet with extraordinary

properties'? such as a high surface
area,? high thermal conductivity,* extreme-
ly high mobility,’ and a strong Young's
modulus.® Recently, researchers have in-
vested considerable effort in developing
reliable methods to control and tune the
properties of graphene, such as patterning
it into graphene nanoribbons’® or gra-
phene quantum dots.>'® Chemical doping,
in particular substitutional doping, is an
effective and important way of tailoring
the electronic, chemical, optical, and mag-
netic properties of graphene, which has
been successfully applied in carbon nano-
tubes and other materials.""~'> Substitu-
tional doping of graphene, which intro-
duces heteroatoms, such as B, N, S, and
Si, into the carbon lattice, can signifi-
cantly modify its electronic properties.’®~2°
Among them, N-doped graphene displays
many interesting properties compared
with pristine graphene, which makes it a
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potential candidate in many applica-
tions,>' ~37 for example, enhanced catalysis
for energy conversion and storage,®' %3
enhanced Li ion intercalation for lithium
ion batteries,®*2® better electron-transfer
efficiency for electrochemical sensing,”’ en-
hanced biocompatibility for biosensing,?®~3°
and an enhanced weak localization effect.’"
Moreover, N-doped graphene is also impor-
tant for high-frequency semiconductor de-
vices as a band gap can be opened using
high N-doping.'” As most applications listed
above are based on the transport properties
and the N-doped graphene is only a single
atomic plane thick, it is very important to
investigate how N-doping will affect the 2D
transport properties.

In this paper, we report on the 2D trans-
port properties of N-doped graphene, with
particular attention paid to the effect of
N-doping on the Shubnikov—de Haas (SdH)
oscillation. The structural and chemical prop-
erties of the N-doped graphene were char-
acterized by atomic force microscopy (AFM),
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Figure 1. Characterization of nitrogen-doped graphene. X-ray photoemission spectroscopy compositional analysis for the C
(a) and N (b) peaks of the nitrogen-doped graphene indicating the presence of nitrogen doping and C vacancies. (c) Typical
AFM image of N-doped graphene after transfer onto SiO,/Si substrates. (d) Typical Raman spectrum of N-doped graphene on

SiO,/Si with a 514 nm laser excitation.

X-ray photoemission spectroscopy (XPS), and Raman
spectra, respectively. We observed an enhanced SdH
oscillation effect in N-doped graphene, which results in
stepped magneto-resistance (MR). The SdH oscillation
in our N-doped graphene displays three striking fea-
tures. First, the amplitude of the SdH oscillation in-
creases with increasing N-doping and reaches more
than 5k Q at a field of 14 T. Second, in contrast to the
well-established standard Lifshitz—Kosevich theory,
the amplitude of the SdH oscillation decreases linearly
with increasing temperature. Third, the SdH oscillation
persists at temperatures up to 150 K. Our experimental
results also suggest that the MR in N-doped graphene
increases with increasing temperature.

RESULTS AND DISCUSSION

Device Preparation and Characterization. The single layer
N-doped graphene used in this work was commercially
grown, on Cu foil, purchased from Graphene Super-
market. Figure 1 shows the X-ray photoemission spec-
troscopy compositional analysis for the C and N peaks.
The C 1s peak splits into two peaks located at 284.6 and
285.4 eV. The peak at 284.6 eV corresponds to the
graphite-like sp? C bonding, and the peak at 285.4 eV
can be attributed to C—N bonding. The large peak area
of C—N bonding peak indicates that a large propor-
tion of C atoms have been substituted by N atoms.
The X-ray photoemission spectroscopy compositional
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analysis of the N 1s peak in Figure 1b further suggests
that there are at least two distinct nitrogen configura-
tions, i.e., substitutional N located at 400.6 eV (N1) and a
weak pyridine-like N signal located at 398.6 eV (N2).%®
The N-doping rate estimated from XPS characteriza-
tions is around 8%. To study the transport properties,
the graphene layer was transferred onto a Si substrate
with a 300 nm thick SiO, layer with the assistance of
nitrocellulose polymer.>® Details of the transfer process
can be found in the Methods. Figure 1c shows a typical
AFM image of the N-doped graphene after transfer
onto the SiO,/Si substrate. Ripples and bubbles can be
observed with no nitrocellulose residues. The Raman
spectrum of N-doped graphene was measured using a
Renishaw inVia Raman microscope with an excita-
tion wavelength of 514 nm (Figure 1d and Figure ST,
Supporting Information). To compare, the Raman
spectrum for the pristine graphene is also shown in
Figure S1. The Raman spectrum of N-doped graphene
shows the typical G and 2D bands at ~1586 and
2679 cm ™' with additional bands at ~1345 (D band),
1625 (D' band), 2461 (D + D"), 2946 (D + D'), and
3248 cm™' (2DY). The D and D’ bands are due to inter-
valley and intravalley double-resonance-scattering
processes initiated by the presence of defects, ie.,
the insertion of a nitrogen dopant into the single layer
graphene.**~** Furthermore, the nitrogen doping of
single-layer graphene is accompanied by a blueshift of
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Figure 2. MR of N-doped graphene at 10 K under a perpendicular field. (a) Schematic drawing of the device. (b) Resistance as a
function of the back-gate voltage with a bias voltage of 1 mV. (c) MR measured at 10 K with field perpendicular to the
graphene plane. Inset: MR at low fields. (d) After subtraction of the linear MR contributions, the resistance oscillations at 10 K
were measured with the field perpendicular to the graphene plane.

the G and 2D bands, which is induced by compressive
strain and electron doping.

Transport Properties at 10 K under a Perpendicular Field.
The transport properties of the N-doped graphene
devices were measured using the two-probe method
in a physical property measurement system (PPMS,
Quantum Design). A schematic diagram of a typical
two-terminal graphene device is shown in Figure 2a.
Figure S2 shows [V curves of the two-terminal graph-
ene devices measured at different temperatures indi-
cating good Ohmic contact between the graphene
and the electrodes. The resistance as a function of
the back-gate voltage at room temperature is shown
in Figure 2b. Although the resistance does not
change significantly with back-gate voltage, our highly
N-doped graphene does retain the property of Dirac
Fermions. The Dirac point is located in the negative
gate voltage region, indicating that the graphene is
overall n-type due to the nitrogen doping, which is
consistent with the XPS characterization as most of the
nitrogen is in a N1 configuration. The field-effect mobi-
lity determined from the curve is ~1000 cm?/V-s with
zero gate voltage and zero magnetic field at room
temperature.** Figure 2c shows a MR curve measured
at 10 K for a field perpendicular to the graphene plane,
where the MR is defined as MR = R(B)/R(0) — 1. Note
that all of the following reported magneto-transport
properties were measured with zero back-gate vol-
tage. Interestingly, the MR curve displays stepped-like
behavior, and an unsaturated positive MR of 35% is
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achieved at 14 T. Similar stepped MR curves were
observed for other two-terminal nondoped graphene
devices with graphene—metal interfaces.*®

A more detailed analysis of the MR shows there are
five distinct field regions: below 0.5 T (I), from0.5t0 1T
(), from 1t0 6.7 T (Ill), from 6.7 to 9 T (IV), and above 9 T
(V). The shape of MR curve varies from one region to
another. In region |, a negative MR is observed due to
the weak localization effect (WL) (Figure 2¢, inset). In
pristine graphene, the WL effect is usually suppressed,
which is attributed to the presence of the meso-
scopic corrugation, such as ripples.*® However, in our
N-doped graphene, we observed an enhanced WL
effect although ripples are produced during the trans-
fer process. The enhanced WL effect in our highly
N-doped graphene is due to the increased elastic
intervalley scattering resulting from defects3' In re-
gion Il, uB < 1, the MR curve shows a quadratic
behavior and obeys the Kohler's rule. In regions I
and V, the MR shows a linear response with respect
to the magnetic field and the slope of the MR in region
V is greater than that in region Ill. The linear MR in
region lll is usually explained using quantum linear
MR* or by a nonuniform spatial distribution of carrier
mobility.*® Remarkably, in region IV, the resistance of
the N-doped graphene remains constant. For gra-
phene, quantum effects appear and result in resistance
oscillations with the magnetic field (SdH oscillations) at
magnetic fields which are strong enough for charge
carriers to complete individual cyclotron orbits without
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scattering, i.e., uB > 1. In our N-doped graphene, the
critical magnetic field is around 6.7 T. The SdH oscilla-
tion, after subtraction of the contribution due to linear
MR, is plotted in Figure 2d. Interestingly, the amplitude
of the SdH oscillation increases significantly with
field and reaches 4700 Q at 14 T, which is 1 order of
magnitude larger than the value (300 Q) for pristine
graphene devices with the same geometry. The signi-
ficantly increased amplitude of the SdH increases the
slope of AR(B) due to the SdH oscillation. For example,
in region IV, the negative slope of AR(B) due to the SdH
oscillation is almost the same as that for the positive
AR(B) due to the linear MR, which can explain the
stepped behavior of the overall R(B) in region IV. In
region V, the SdH oscillation produces a positive AR,
which is responsible for the increased slope of the MR
in region V compared with region IIl.

Effect of N-Doping on the 2D Transport Properties. To
further investigate the effect of N-doping on the SdH
oscillations, we compared the SdH oscillations for
devices with two different doping rates measured at
2 K under a perpendicular field. Figure 3b shows the
SdH oscillations as a function of 1/B for devices with the
same doping rate (8%) as the devices used in Figure 2
and Figure 3a shows the SdH oscillations as a function
of 1/B for devices with a lower doping rate (2%). Three
resistance oscillations can be clearly observed for both
devices. The amplitude of the resistance oscillations
increases with N-doping, but the oscillation frequen-
cies decrease with N-doping. We fitted the resistance
oscillations with AR(B) = A exp(—z/uB) cos[2m(Bg/B) +
B, where AR is the oscillations in resistance, B is the
magnetic field, Br is the oscillation frequency, u is the
quantum mobility, and S is the Berry phase. B¢ for those
two N-doped graphene devices calculated from the
fitting, are 25 T (low) and 5 T (high), which correspond
to 2D electron densities of 5 x 10" and 1 x 10"'em ™2,
where the 2D electron density is calculated by n =
(e/h)Bg. It is clear that N-doping decreases the 2D
current density which increases the amplitude but
decreases the frequency of the SdH oscillations. We
also plot the SdH oscillation as a function of 1/B for
pristine graphene in Figure 3c. One can see that the
amplitude and the oscillation frequencies of pristine
graphene also follow the same trend.

Angular Dependent Transport Properties at 10 K. The
magneto-transport properties of the N-doped gra-
phene were further investigated using magnetic fields
rotated from out-of-plane, perpendicular to the current
configuration to in-plane along the current configura-
tion. The evolution of the MR, measured at a tempera-
ture of 10 K, as a function of the angle 6, from 0°
(perpendicular field) to 90° (in-plane field), is shown in
Figure 4a, where the angle 6 is defined as the angle
between the direction of the magnetic field and the
direction normal to the graphene plane. The MR ratio
decreases with increasing 6, and the WL effect is
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Figure 3. Effect of N-doping rate on 2D transport proper-
ties. Resistance oscillations as a function of 1/B at 2 K
measured with the field perpendicular to the graphene
plane for devices with a doping rate of 2% (a) and 8% (b).
(c) Resistance oscillations as a function of 1/B at 2 K
measured with the field perpendicular to the graphene
plane for pristine graphene devices.

observed at all angles. The stepped behavior can
be clearly observed when @ is less than 45°, but the
field at which the step becomes apparent increases
with increasing 6. For 8 > 60°, only quadratic MR or
linear MR can be observed at high fields, given the
limitation of the 14 T field available to us. Following the
subtraction used in Figure 2d, we plotted the SdH
oscillation as a function of B cos 6 in Figure 4b. One
can see that the peaks of the SdH oscillations shift
toward higher field with increasing 6, but the MR
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Figure 4. Angular-dependent MR of N-doped graphene at
10 K. (a) Magneto-resistance as a function of magnetic field
measured with magnetic fields rotated from an out-of-plane
configuration to an in-plane along the current configura-
tion. (b) SdH oscillations at 10 K measured with magnetic
fields rotated from an out-of-plane configuration to an in-
plane along the current configuration. Inset: resistance
oscillations at low fields.

curves remain almost exactly the same if plotted in B
cos 6, even at low fields, which gives a another indica-
tion that the resistance oscillations arise from the 2D
transport.

Temperature-Dependent Transport Properties. Figure 5a
shows the temperature-dependent magneto-resistance
as a function of magnetic field measured with a per-
pendicular magnetic field. Remarkably, the stepped
MR behavior can be observed up to a temperature of
150 K. It has been shown by Geim et al. that for pristine
graphene the quantum effect can be observed at room
temperature under a magnetic field of 30 T or higher.*®
For our N-doped graphene, the temperature at which
the quantum effect is observable is lowered due to
the doping and constraint of the 14 T field available to
us. To explore the underlying physics, we plotted in
Figure 5b the corresponding SdH oscillations. As ex-
pected, the amplitude of the SdH oscillation decreases
with increasing temperature. We summarize the ther-
mal dependence of the amplitude of the SdH oscilla-
tion at 9 and 14 T in Figure 5c. From Figure 5c it is
seen, in contrast to the well-established standard
Lifshitz—Kosevich theory,*® that the amplitude of the
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SdH oscillation decreases linearly with increasing tem-
perature. We interpret this special phenomenon as
follows. According to the standard Lifshitz—Kosevich
theory, the amplitude of the SdH oscillation can be
described as

27[sz T/AEN(B)

AR(T, B) < expl 27 ks To/ AEN(B) sinh 2712kg T / AEN(B)
where AEN(B) = heB/2tm* is the energy gap between
the Nth and (N + 1)th Landau levels, Tp = h/4ntkg is
the Dingle temperature, m* is the electron effective
mass, h is the Planck constant, 7 is the total scattering
time, and kg is the Boltzmann constant. To understand
the linear temperature dependence of the amplitude
of the SdH oscillation, we first assume 7 is temperature
dependent and focus on the factor Ay/sinh (At), where
At = 27k T/AEN(B). Figure S3 shows Ar/sinh (A7) as a
function of Ar. The curve shows an approximate linear
relationship in the region of A < 3. It is known that
the electrons within pristine graphene behave as mas-
sless Dirac Fermions. Thus, kT << Aw.. Amplitude versus
temperature should approach a constant. However, in
our highly doped N-graphene, a bandgap may open,
which results in a non-zero electron effective mass,
meaning At becomes greater. In our experiment Ar may
be smaller than 2 even at temperatures up to 150 K and
under a magnetic field of 14 T, and this is coincidently
the region where there is the best linearity of the curve.
Second, for our highly doped N-graphene, the elec-
tronic scattering by impurities (r) may be tempera-
ture dependent, which can lead to an increase in
amplitude of the SdH oscillations with decreasing tem-
perature. A similar effect has been found in antimony-
doped bismuth single crystals.>' In fact, for bismuth
doped with 1.5% antimony, the amplitude of the SdH
oscillation decreases nearly linearly with increasing
temperature.

One can also note from Figure 5a that the MR ratio
increases with increasing temperature. The MR ratio is
around 35% at 10 K and increases to 73% at 300 K
under a perpendicular magnetic field of 14 T. The
increase of the MR ratio with temperature cannot be
explained by the SdH oscillation as the amplitude of
the SdH oscillation decreases linearly with increasing
temperature. In our N-doped graphene, there are at
least two distinct nitrogen configurations, i.e. substitu-
tional N and weak pyridine-like N. To study the elec-
tronic structure of pyridine-like N-doped graphene, we
performed the first-principle simulations. The calcula-
tions are summarized in Figure S4. Our first-principle
simulations suggest that pyridine-like N can result in
p-type states in graphene sheets, which is also con-
sistent with other reports.>> More details about the
calculations can be found in the Supporting Informa-
tion. Therefore, the former, substitutional N, will supply
electrons, and the latter will accept electrons which will
result in some localized sections of the graphene sheet

VOL.9 = NO.7 = 7207-7214 = 2015 K@LNMLJ\)\

WWwWW.acsnano.org

7211



80

(a) —— 10K
—— 50K
100K
60 —— 150K
300K
—
40+
X
N d
14
20
=
of
15 10 -5 0 5 10 15
B (T)
| (c) @ oT
5k @ 14T
4k |
—
S
3k
%
2k |
L)
1k }
0 1 1 1 1
0 50 100 150
T (K)

(b) —10K
4.0k| ok
100K
—_ — 150K
(@] 300 K
~ 2.0k}
(14
<
0.0 == W‘/’"
il
-2.0k \ \ ) \ 2 \
2 4 8 10 12 14
B (T)
45.0k |- (d) ——e

0 90 180 270 360

0 (Deg)

Figure 5. Temperature dependent MR of N-doped graphene. (a) Temperature-dependent magneto-resistance as a function
of magnetic field measured with a perpendicular magnetic field. (b) SdH oscillations measured at a variety of temperatures
with a perpendicular magnetic field. (c) SdH oscillation amplitudes at 9 and 14 T as a function of temperature. (d) Angular-
dependent resistance measured at a variety of temperatures with a magnetic field of 14 T.

being in an n-type state and others adopting a p-type
state. It has been suggested by Abrikosov that the
field-dependent linear magneto-resistivity p;(H) can be
written as*®

fi(HIN;H

pilk) = (e — np)ec

Where f,(H) are functions of the order of unity, n. and n,,
are the electron and hole densities, N; is the density of
the static scattering centers, and 7, e, ¢ have their
conventional meanings. As the temperature increases,
both the electrons and holes in the N-doped graphene
can contribute to the transport, which decreases the
difference between n. and n;, and thus increases the
MR ratio. To further explore the transport properties
of N-doped graphene, Figure 5d shows the angular-
dependent resistance measured at various tempera-
tures under a magnetic field of 14 T. Compared with
conventional pristine graphene, ripples and steps can

METHODS

Graphene Transfer. The commercial N-doped graphene/Cu
foil was affixed to a silicon substrate and pressed flat; this was
then spin-coated with a 100 nm thick nitrocellulose polymer.
After spin-coating, the Cu foil was etched using a 1 M solution of
ammonium persulfate in DI water. The graphene and polymer
stack was then transferred to a DI rinse for 20 min, where it was
floated onto the SiO,/Si substrate. The films were then dried ina
vacuum oven for 2 h at 80 °C at a pressure of 0.1 bar. Finally,
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be clearly observed in Figure 5d due to the enhanced
SdH oscillation in the N-doped graphene. The small
peaks observed at 90° are due to the weak localization
effect.

CONCLUSIONS

To conclude, we experimentally investigated the
magneto-transport properties of N-doped graphene.
We observed an enhanced SdH oscillation. The SdH
oscillation in N-doped graphene displays three inter-
esting features. First, the amplitude of the SdH oscilla-
tion increases with N-doping and reaches around 5k Q
under a field of 14 T at 10 K. Second, in contrast to the
well-established standard Lifshitz—Kosevich theory, the
amplitude of SdH oscillation decreases linearly with
increasing temperature. Third, the SdH oscillation persists
at a temperature up to 150 K. Our results may be useful
for the application of N-doped graphene in magnetic
devices, such as Hall devices, magnetic sensors, etc.

cellulose polymer films were dissolved by an 8 h immersion in
acetone.

Device Fabrication. The field-effect transistor Hall bar structure
was fabricated by electron beam lithography (EBL) using a
single-layer negative tone resist ma-N 2403 supplied by Micro-
chem Corp., followed by O, plasma etching for 60 s (8 W at
P =20 mTorr). After development, thick metal contacts consist-
ing of Ti (5 nm)/Au (45 nm) were deposited through e-beam
evaporation.
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